applications. 4 For the majority of practical applications, it is very important to have a balanced hole and electron injection/transport to achieve good device performance. 5 Along with the development of organic semiconducting materials, p-type semiconducting materials (hole injection/transport materials) have progressed tremendously. However, n-type semiconducting materials for organic electronics have remained still relatively limited, even to date. 6 Therefore, it is very desirable to design new organic materials with low lowest unoccupied molecular orbital (LUMO) energy level that can potentially decrease the barrier of electron injection between high work function electrodes and the LUMO energy levels of organic semiconducting materials. In order to lower the LUMO energy level, it has been demonstrated that introducing strongly electronegative fluoro substituents into well-known hole-transporting materials could induce a strong electron-accepting character and strong intermolecular interactions with enhanced electron-injection/transport features. 5c,7 Compared to thiophenes and pyrroles, on the other hand, both experimental and theoretical studies revealed that the LUMO energy level of phosphole derivatives is stabilized through σ-π orbital coupling. 8 Therefore, this hyperconjugation makes phosphole-based materials promising electron-acceptor candidates and several articles that have been published by others and us have now established the strong electron-acceptor properties of π-conjugated phosphole materials in general. 9 However, phosphole-based materials that exhibit both electron-accepting and electron-donating character evident via ambipolar redox properties have remained elusive to date. Our early studies indicated that the dithienophosphole core itself does not exhibit reversible reduction features. 10 Recent efforts of our group and others involved increasing the πconjugation of the system that further stabilized the electrochemical reduction features. 11 This D r a f t -4-manuscript now deals with the corresponding structure-property studies toward phospholes with ambipolar redox properties, using extended π-conjugation to balance the acceptor features of the central dithienophosphole oxide unit, with (bi)phenyl substituents in the 2,6-positions of the scaffold. Our choice of phenyl terminal groups was based on their mildly electron-donating character that would not lead to a strongly pronounced charge-transfer state for the overall conjugated scaffold. Moreover, the presence of torsion angles between the terminal biphenyl rings and the dithienophosphole that potentially limits the conjugation throughout the extended backbone, was expected to support a balancing point where it is not only possible the stabilize the reduction process of dithienophosphole core, but to also maintain an easy oxidation process of phenyl/biphenyl groups in the (bi)phenyl substituted phospholes.
To gain a deeper understanding into the evolution of potentially ambipolar redox behavior, we have focused on the systematic extension of the dithienophosphole scaffold via introduction of two (symmetric and asymmetric), and four phenyl rings (symmetric) in the context of this combined experimental and computational study.
Results and Discussion
The required mono-/dibromodithienophosphole starting materials 1 and 2 were synthesized according to the procedures reported by our group earlier, 10c,12 and subsequently reacted with aryl boronic acid species via Suzuki-Miyaura-based protocols to give the target compounds 3, 10c 4 and 5 (Scheme 1). The identity of all new compounds was confirmed by 1 H, 13 C, and 31 P NMR spectroscopy, and high-resolution mass spectrometry. Interestingly, the extended phospholes 3, 4
and 5 were found to form 1-D needle-shape crystals during slow evaporation of the solvent D r a f t -5-during the crystallization that were, however, unsuited for single crystal X-ray crystallography ( Figure 1 ). Scheme 1. Synthesis of the π-extended phospholes. This suggested some self-assembly potential for the new molecular materials, a feature that we have developed in our recent studies via the novel 'phosphole-lipids', which form intriguing D r a f t -6-liquid-crystal phases as well as stimuli-responsive organogels from hydrocarbon solvents. 13 In the latter, we have utilized the presence of long dodecyloxy chains, as well as a charged phosphorus-center, which were balanced with the π-stacking interactions of the main conjugated scaffold, to give rise to self-assembled nano-/microstructures. We have thus included the phospholium species 6 in this study as well, particularly since the cationic phosphorus center should exhibit a more pronounced electron-acceptor character than the corresponding oxide. 11b
For the synthesis of the cationic congener 6, oxide species 5 was first reduced to the trivalent phosphole species via procedures also reported by our group, 10c followed by the reaction between the trivalent phosphole and trimethoxybenzyl bromide to afford the cationic benzylated Phospholium salt 6 exhibits a further red-shifted absorption and emission due to the more polarized phosphonium center arising from its increased acceptor character, when compared to its oxide congener 5. Moreover, the emission spectrum of 6 is also very broad (full width at halfmaximum (fwhm) = 94 nm) relative to the oxide derivatives (cf.: fwhm = 81 nm for 5, fwhm = 81 nm for 3, fwhm = 79 nm for 4) suggesting a more flexible structure of 6 similar that found in the related phosphole-lipids and their model compounds. 13, 14 Remarkably, the extended phosphole oxide and phospholium compounds show very high quantum yields in CHCl 3 (Table   1) The emission maxima of the thin films of 3, 4, 5 and 6 are red-shifted compared with those of their solutions, probably due to the restricted rotation of the terminal aryl groups and ππ interaction between neighboring molecules in the solid state. 13b, 14 The decreased, but still considerable fluorescence quantum yields of 3, 4, 5 and 6 in the solid state also indicate that ππ interactions between the molecules quench the fluorescence to some extent. It is worth mentioning that 6 with the bulky trimethoxybenzyl group exhibits a relatively higher fluorescence quantum yield compared to the oxide congeners, which is probably due to its propensity to suppress strong π-π stacking. 13b,14 D r a f t -9-Interestingly, the extended phospholes also show different emission features in different states.
The 1D needle-shaped crystals (λ  = 555 nm) of 3 show a red-shifted emission compared with that of the thin film (λ  = 537 nm). The powder of 5 (λ  = 579 nm) obtained from slow evaporation of CHCl 3 exhibits a 20 nm red-shifted emission maximum compared with that of the thin film emission (λ  = 558 nm; Figure 2c ). The thin film emission of 6 (λ  = 577 nm) with the bulky trimethoxybenzyl group is very broad, with a red-shifted shoulder (λ  = 613 nm) compared to its crystal-state emission (λ  = 571 nm; Figure 2d ). Particularly, the broad thinfilm emission of 6 strongly suggests the presence of several different isomers (i.e., conformers arising from twisted terminal phenyl groups, as well as rotation of the P-benzyl substituent), 13, 14 which is not the case for its crystal-state emission, resulting from a single 'locked' conformation for the latter.
Electrochemical Properties. The electrochemical data are summarized in Table 2 . Generally, the extended phosphole oxides show quasi-reversible reduction features (Figure 3 ), whose potentials are decreasing upon extension of the central dithienophosphole core (E red = 2.18 V for 4, 2.08 V for 3, 2.04 V for 5, vs. Fc/Fc + ), in line with the obtained photophysical data.
Despite being irreversible, 6 with the more positive phospholium center, shows a more positive reduction potential at 1.56 V due to a further lowered LUMO energy level, which is consistent with theoretical studies (vide infra). Interestingly, all extended phosphole oxides also exhibit quasi-reversible oxidation processes, which is rarely observed in phosphole-based small conjugated molecules. 11b It was found that compounds 4 and 5 with the biphenyl terminus usually display similar oxidation processes (first and second oxidation), which are more positive than the oxidation potentials of the phenyl-substituted compound (E ox = 0.87 V for 3, 0.77/1.09 D r a f t -10-V for 4, 0.75/1.08 V for 5, vs Fc/Fc + ). This observation indicates that the quasi-reversible oxidation is likely due to the oxidation of terminal aryl groups (phenyl and biphenyl) instead of the phosphole core. (Table 1) . There is however, a discrepancy between the electrochemically determined and optical band gap for 6, which can be ascribed to the cationic nature of the species. This may lead to more complex situation during the cyclic voltammetry, potentially D r a f t -11-involving the electron-donating trimethoxyphenyl moiety as well, which may also be responsible for the observed irreversible features. 6 , Standard scan rate was 100 mV·S -1 . b E red (E ox ) = ½ (E pc + E pa ) for reversible or quasi-reversible process, otherwise E red (E ox ) = E pc (E pa ); c Quasi-reversible process; d Irreversible process; e determined from onset of oxidation/reduction; f Electron affinity; g Ionization potential.
The solid-state electron affinities (EA) and ionization potentials (IP) of the phosphole oxides were estimated using the electrochemical data (Table 2) . 15 The estimated solid-state EA values of 3 and 5 are 2.52 eV and 2.56 eV, respectively, which are more exothermic than that of aluminum trisquinolate, Alq 3 , a popular electron-transport material (ca. 2.3 eV), and closer to C 60 (ca. 3.7 eV), while the solid-state ionization potential of 5 (5.9 eV) is somewhat higher than that of pentacene, a benchmark p-type semiconductor material at ca. 5.1 eV. 16 Therefore, the current electrochemistry studies suggest that the π-extended phosphole oxides, and particularly 5, may potentially be suitable candidates for ambipolar semiconducting materials.
D r a f t -12-Density-Functional Theory Calculations. To gain some deeper insight into the observed electronic features of the π-extended dithienophospholes, and particularly their electrochemical properties, we have performed DFT calculations at the B3LYP/6-31+G(d) level of theory using the Gaussian03 suite of programs. 17 In this context we have determined the frontier orbital energies and minimized geometries for the neutral (and cationic, in the case of 6) species (Table   3) , as well as their oxidized and reduced congeners (Table 4) , including the spin densities of the latter.
The relevant frontier orbitals for all species show the typical distributions for (extended) dithienophospholes (see Figure 4 for representative species, and the Supporting Information for the complete sets), with the highest occupied molecular orbitals (HOMOs) comprising the π−systems, while the LUMO orbitals represent the corresponding quinoidal π * −systems.
HOMO-1 and LUMO+1 also correspond to the π− and π * −systems (with the exception of 6 for which the LUMO+1 largely corresponds to the exocyclic P-phenyl group), but have a bigger contributions from the appended (bi)phenyl substituents. Importantly, the HOMO-LUMO gaps match the trend observed for the species by optical spectroscopy as well as cyclic voltammetry (4: 3.39 eV > 3: 3.22 eV > 5: 3.07 eV > 6: 2.84 eV), however, overestimate the band gaps between 0.5-0.7 eV (1.2 eV for 6; from CV). It should be pointed out in this context, that this discrepancy could be attributed to the fact that the DFT-derived values represent the gas phase for 3, 4, and 5, whereas the experimental values have been obtained from solution, which is known to considerably effect the electronics of polar conjugated systems. Moreover, it is now also well established that DFT-calculations on conjugated molecules with charge transfer properties fail to reproduce the energies of the relevant frontier orbitals. 18 D r a f t -13-
The frontier orbitals for 6 support the increased polarity of the molecular scaffold suggesting a much more pronounced charge-transfer character for the HOMO→LUMO transition, evident in the considerably more localized LUMO on the dithienophosphole core. Moreover, the LUMO energy level of the cationic 6 is nearly 1 eV lower than that of the other oxide congeners, in line with the experimentally determined photophysics, the reduction potentials, and the ionic nature of the phosphorus center (vide supra). Other important parameters are the torsion angles between the dithienophosphole core and the appended (bi)phenyl termini. It is important to note that each species shows a considerable twist between these elements with torsion angles τ α being roughly between 24 and 27° (see Table 3 for definitions), while τ β is relatively fixed at 36.5° in either direction. It should be noted that the calculations also suggest no preference in direction for the twisting; both possible rotational isomers seem to represent minima on the electronic hypersurface. D r a f t -14-Chart 1. Definition of torsion angles τ α  τ β.  In order to verify the electrochemical features observed via cyclic voltammetry, we then proceeded to calculate the minimized structures, orbital energies, and spin density distributions of the oxidized and reduced species of 3-5, respectively. 19 In the case of 5, we also included the dicationic relative arising from a second oxidation, which was also observed to be quasireversible from the CV. The resulting spin densities for the radical cations and anions are shown in Figure 5 and suggest full delocalization of the respective radicals across the entire π−conjugated scaffold. Also noteworthy is the fact that the spin densities correspond to the respective SOMOs of the oxidized/reduced species, as well as the related HOMOs (oxidation) and LUMOs (reduction) of the neutral species. While this supports the stability of the radicals and hence the largely quasi-reversible oxidation behavior, it is difficult to derive the deviating reduction behavior between the species, as observed by CV. However, when comparing the energy levels of the corresponding SOMO orbitals, it is evident that the SOMO of 4-red is significantly higher in energy (-1.78 eV) than those of 3-red and 5-red at ca. -2.0 eV, indicating that it may be more prone to subsequent decomposition reactions. D r a f t (2) -30.5 (1) -30.7 (2) a Average of α and β series orbital energies; PCM solvation model (CH 2 Cl 2 ). b Second oxidation occurs from SOMO and the resulting orbital is HOMO.
It is also important to note that that oxidation of the π−systems resulted in a considerable flattening of the scaffold, evident in torsion angles τ α from ca. 1° in 4-ox and 3°
in 5-ox, to 11.5° in 3-ox. In combination with the least reversible oxidation behavior of 3, this suggests that a biphenyl group with its extended π-system indeed stabilizes the oxidized species much more effectively that a single phenyl substituent. Moreover, τ α s even more when 5-ox is oxidized into 5-ox2 (from 3° to 1°), suggesting an even better delocalization of the π−system within the core scaffold in the latter. It should be noted that τ β is also reduced upon oxidation of the main scaffold, but the effect is much less pronounced with angles ranging from 24 to 32°, suggesting only a minor contribution from the outermost rings for stabilization of the oxidized congeners. 
Conclusions
In conclusion, we have synthesized a series of (bi)phenyl extended dithienophospholes that are highly luminescent in solution and that also show considerable emissive properties in the solid D r a f t -18-state. Depending on the molecular geometry and available degrees of rotational freedom in the solid state that determine the morphologies (i.e. crystal vs. amorphous film), the solid-state emission can be further tuned over wavelengths of up to 20 nm (for 5) that suggest high utility of this species as stimuli-responsive solid state emitters. Moreover, we were able to show that the π-extension of the system triggers electrochemically ambipolar behavior, allowing to access quasi-reversibly stable radical cations and anions, particularly in the case of the symmetrically biphenylated congener 5. The computationally observed structural changes upon oxidation and reduction of the scaffold, as well as the electronic distribution within the HOMO and LUMO orbitals lend support for the phenyl-groups being the primary site of oxidation, while the dithienophosphole core is primarily reduced. Once oxidized/reduced, the extended π-system of the scaffold is able to largely stabilize the resulting radicals via delocalization. This is the first example of a highly luminescent dithienophosphole species that shows this amipolar redox behavior. Consequently, this study has provided important insights for the further design of stable ambipolar dithienophospholes for optoelectronic applications and corresponding studies now underway in our laboratory. General synthetic procedure for 3, 10c 4, 5: 2,6-Dibromo-dithienophosphole 1 (1 mmol, 449 mg) or 2-bromo-dithienophosphole 2 (1 mmol, 376 mg) was added to a toluene/water mixture (50 mL; 50:50) of 1 or 2 equivalents of the corresponding boronic acid (phenyl boronic acid or 4-biphenyl boronic acid) in the presence of Pd(PPh 3 ) 4 (5 mol %) and Na 2 CO 3 . These reaction mixtures were refluxed for 24h. After removing the solvent under vacuum, the crude products were obtained. The residues were dissolved in CHCl 3 and filtered over neutral alumina. Pure compounds 3 (286 mg, 65%), 10c 4 (317 mg, 72%), 5 (332 mg, 56%) were obtained via column chromatography (silica, hexane/ethyl acetate: from 9:1 to 1:9). 
